ABSTRACT: Sirtuins, the mammalian homologs of the silent information regulator 2 gene of Saccharomyces cerevisiae, are members of the NAD + -dependent family of histone deacetylases. In vertebrates, 7 sirtuins have been described, with different cellular localizations and target proteins. Glucose and lipid metabolism are among the processes regulated by these enzymes. In ruminants, gluconeogenesis is the main biochemical pathway by which glucose is obtained. Because sirtuins in bovines have not been studied, the aim of this work was to obtain sequences coding for the 7 sirtuins and determine the expression patterns of sirtuin1 (Sirt1) and sirtuin3 (Sirt3) in the liver, muscle, and adipose tissue of calves and bulls. Using PCR amplification, we obtained sirtuin gene sequences and reported them to the National Center for Biotechnology Information GenBank. Characteristic sequence motifs corresponding to the sirtuin catalytic core domain were found, including the active and zinc-binding sites. Relative expression patterns of Sirt1 and Sirt3 in liver, muscle, and adipose tissue were quantified by real-time PCR, normalizing to the geometric mean of the housekeeping genes cyclophilin A and β-actin. Expression of Sirt1 was less in liver and muscle, whereas it was greater in adipose tissue of adult animals, with statistical differences (P = 0.0071) only in the latter. In the case of Sirt3, expression was greater in all 3 adult tissues, but statistical differences were found only in liver (P = 0.0141) and muscle (P = 0.0017). The greatest expression was observed in liver for Sirt1 and in muscle for Sirt3, whereas the least expression was in muscle for Sirt1 and in adipose tissue for Sirt3. In other species, sirtuin expression (both Sirt1 and Sirt3) in liver is reported to be the greatest among these 3 tissues, a pattern different from what we measured. These differences in expression can be associated with metabolic differences between nonruminant and ruminant species. However, further research on the relationship between bovine sirtuins and ruminant metabolism is required for a better understanding of these fields.
INTRODUCTION
Sirtuins, the mammalian homologs of the silent information regulator 2 gene of Saccharomyces cerevisiae, are members of the NAD + -dependent family of histone deacetylases (Yamamoto et al., 2007) . At first, research focused on their role as repressors of gene expression, but Schwer et al. (2002) found that they also deacetylate nonhistone proteins, inducing the transcription of several genes involved in metabolism.
In vertebrates, 7 sirtuins have been described, each with different target proteins (Saunders and Verdin, 2007) . Sirtuin1 (Sirt1) is present in the nucleus, and among its known targets are transcriptional regulators, such as PPARγ coactivator 1α (Rodgers et al., 2005) , the PPAR (Yu and Auwerx, 2009) , and the forkhead box, subgroup O transcription factors (Wang and Tong, 2009) , as well as enzymes, such as cytosolic acetyl-CoA synthetase (Hallows et al., 2006) , glutamate dehydrogenase (Shoba et al., 2009) , and isocitrate dehydrogenase (Schlicker et al., 2008) . Sirtuin3 (Sirt3) is mainly a mitochondrial sirtuin; it deacetylates enzymes involved in lipid oxidation, such as mitochondrial acetyl-CoA synthetase (Hallows et al., 2006) and long-chain-acylCoA dehydrogenase (Hirschey et al., 2010) , thereby increasing their activity. Collectively, sirtuins appear to be important metabolic regulators, especially of gluconeogenesis and lipid oxidation.
In ruminants, gluconeogenesis is the main biochemical pathway used to generate glucose from substrates other than carbohydrates, mainly propionate, glycerol, and AA (Shimada, 2003) . Therefore, the present study was conducted to obtain the sequences of the 7 bovine sirtuins and to quantify the expression of Sirt1 and Sirt3 in liver, muscle, and white adipose tissue of bulls and of calves up to 3 d of age to determine changes in their expression between the nonruminant and ruminant stages of development.
MATERIALS AND METHODS
The experimental protocol was approved by the Animal Care Advisory Committee of the National Autonomous University of Mexico (UNAM). All procedures were carried out in accordance with the Mexican federal laws for animal care (SAGAR, 1997 (SAGAR, , 1998 SAGARPA, 2001 ).
Animals
Six male Holstein calves, between 1 and 3 d of age, were purchased from a dairy farm in the municipality of Pedro Escobedo in the state of Querétaro, México. The animals were killed, in the absence of food deprivation, by stunning with a captive bolt gun, followed by exsanguination. Six randomly selected crossbred bulls were sampled at the local slaughterhouse in the municipality of Santiago de Querétaro in the state of Querétaro, México. Samples from the liver, semitendinosus and semimembranous muscles, subcutaneous adipose tissue, kidney, and testis were collected from both calves and bulls, immediately frozen in liquid nitrogen, and kept at −70°C until their analysis.
Purification of Total RNA
Total RNA from liver, kidney, and testis tissue samples was purified using a Qiagen RNeasy Mini Kit (Qiagen Inc., Valencia, CA), whereas TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA) was used to isolate RNA from muscle and adipose tissue, with a subsequent purification using a Qiagen RNeasy Mini Kit according to the manufacturer's instructions. The RNA obtained were quantified with a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE) at 260 nm, and purity was assessed using the 260-to 280-nm ratios, which ranged from 1.8 to 2.0. Integrity of the RNA was checked by electrophoresis in a 1% agarose gel.
cDNA Synthesis Through ReverseTranscriptase PCR For cDNA synthesis, SuperScript II Reverse Transcriptase (Invitrogen Life Technologies) was used with 2 μg of total RNA and Oligo(dT) 12-18 primer (SigmaGenosys, St. Louis, MO), following the manufacturer's instructions. Before beginning the reaction, RNA was treated with DNase (15-min incubation at room temperature and 5-min incubation at 70°C) to reduce genomic DNA contamination.
Bovine Sirtuin mRNA Sequences
Specific primers for the 7 bovine sirtuins were designed using the predicted sequences available at the NCBI (National Center for Biotechnology Information) GenBank, derived from the publicly available bovine reference genome (Zimin et al., 2009) , and taking care that the products obtained would belong to the coding regions, either partially or totally (Table 1) . Primer design followed basic design rules (Dieffenbach et al., 1993) . Table 1 shows the designed primers and the predicted and obtained fragment sizes for the 7 sirtuins. The PCR products were obtained using previously synthesized first-strand cDNA and a Recombinant Taq DNA Polymerase Kit (Invitrogen Life Technologies). The PCR amplification parameters consisted of an initial denaturation at 94°C for 5 min, 40 cycles of denaturation at 94°C for 1 min, annealing for 1 min at the specific temperature for each sirtuin primer pair, and extension at 72°C for 1 min, with a final 10-min extension at 72°C, added to help complete unfinished amplifications. The PCR reactions were prepared using the following final concentrations: 1× PCR Buffer, 0.2 mM deoxynucleotide 5′-triphosphate mixture, 0.2 μM forward and reverse primers, 0.1 U/μL of Taq DNA Polymerase (Invitrogen Life Technologies), 3 μL of cDNA from either testis [Sirt1, sirtuin2 (Sirt2), and sirtuin4 (Sirt4)] or kidney [Sirt3, sirtuin5 (Sirt5), sirtuin6 (Sirt6), and sirtuin7 (Sirt7)], either 1 mM (Sirt4 and Sirt7), 2 mM (Sirt1, Sirt2, Sirt3, and Sirt6), or 4 mM (Sirt5) MgCl 2 , and water to a final reaction volume of 25 μL. Additionally, a standard curve for the volume of cDNA input was performed for Sirt7, and it was determined that 2 μL was optimal. Different annealing temperatures were used for each sirtuin: 50°C for Sirt6, 52°C for Sirt3, 55°C for Sirt2, 58°C for Sirt4, 60°C for Sirt1 and Sirt7, and 64°C for Sirt5. The PCR products of Sirt1, Sirt6, and Sirt7, as well as cloned PCR products of Sirt2, Sirt3, Sirt4, and Sirt5 were sequenced in a 310 ABI Prism Sequencer with version 3 Big Dye (Applied Biosystems, Carlsbad, CA).
The sequences obtained were searched by BLAST (Basic Local Alignment Search Tool; Altschul et al., 1997) to confirm the identity of the obtained sirtuin products. Different alignment tools, namely, ClustalW (Larkin et al., 2007) , Jufo (Meiler et al., 2001, Meiler and Baker, 2003) , and Strap (Gille and Frömmel, 2001) , were used to compare the sequences obtained with the sirtuin gene and protein sequences from other species available in GenBank.
Sirt1 and Sirt3 Expression Profiles
Real-time PCR primers were designed for Sirt1 and Sirt3 (Table 1) , and their expression profiles in liver, muscle, and adipose tissue were analyzed by real-time PCR using a Roche LightCycler 2.0 Instrument (Roche Applied Science, Mannheim, Germany) and LightCycler FastStart DNA Master Sybr Green I (Roche Applied Science). Expression stability of 3 selected housekeeping genes [cyclophilin A (PPIA), 18S rRNA, and β-actin] was evaluated using both geNorm (Biogazelle NV, Ghent, Belgium) and the Excel add-in Normfinder (MDL, Aarhus, Denmark). The stability values obtained with geNorm were 1.567, 1.643, and 1.891, and with Normfinder they were 0.031, 0.033, and 0.048 for PPIA, β-actin, and 18S rRNA, respectively. Complementary DNA standard curves were prepared using serial dilutions to obtain the reaction efficiencies for each gene, which were 2.154 for Sirt1, 2.247 for Sirt3, 2.117 for PPIA, and 2.298 for β-actin, as given by the LightCycler Software 4.0 (Roche Applied Science). Therefore, quantification is expressed relative to the geometric mean of PPIA and β-actin (Vandesompele et al., 2002) using the 2 −ΔCt method (where Ct refers to cycle threshold; Livak and Schmittgen, 2001; Schmittgen and Livak, 2008) .
The real-time PCR program used consisted of a preincubation at 95°C for 2 min, 55 quantification cycles consisting of a 10-s denaturation at 95°C, a 10-s annealing at 58°C, and an 11-s extension at 72°C. The amplification program was followed by a melt curve analysis, which consisted of 1 min of annealing at 65°C, a temperature increase of 0.1°C/s up to 95°C, and a final cooling cycle at 40°C for 30 s. The melt curves were performed to ensure purity of the amplified product, which was confirmed by a single peak after 80°C. 
Statistical Analysis
Data were analyzed as a 2 × 3 factorial arrangement of treatments (calves or bulls, and liver, muscle, or adipose tissue) in a completely randomized design using the GLM procedure (SAS Inst. Inc., Cary, NC), with the significance level set at P ≤ 0.05. Least squares means ± SEM were used to analyze differences between developmental stages and tissues for each sirtuin.
RESULTS

Bovine Sirtuin mRNA Sequences
From the PCR amplifications described above, we obtained fragments of the gene sequences and of the protein coding regions for Sirt1 to Sirt4 and the complete coding region for Sirt5. In the case of Sirt6 and Sirt7, the fragments obtained correspond to the 3′ end region. All these sequences are available at NCBI GenBank (accession numbers GQ166647 to GQ166653).
ClustalW (Larkin et al., 2007) analysis of the bovine sirtuin gene sequences (Sirt5) showed identities that ranged from 72 to 94% with Homo sapiens, 67 to 89% with Mus musculus, 68 to 79% with Rattus norvegicus, 81 to 96% with Sus scrofa, 52 to 87% with Gallus gallus, and 67 to 95% with Equus caballus, whereas predicted proteins had identities ranging from 70 to 96% with H. sapiens, 66 to 94% with M. musculus, 51 to 96% with R. norvegicus, 76 to 96% with S. scrofa, 56 to 91% with G. gallus, and 67 to 96% with E. caballus. The gene sequences obtained for Sirt6 and Sirt7 are very short fragments; hence, the identities of these with their orthologs are very small, with the exception of S. scrofa (78 and 85%, respectively) and E. caballus (with 80% identity with Sirt7; Table 2 ).
After alignment of the bovine sirtuin sequences against S. cerevisiae Sir2 with different alignment tools (ClustalW, Jufo, and Strap), secondary structures were predicted using the Geneious software (Drummond et al., 2010) and are presented in Figure 1 , which shows the conserved sirtuin core domain motifs, including substrate, NAD + , and zinc binding sites.
Sirt1 and Sirt3 Expression Profiles
Real-time PCR was performed to determine the expression of bovine Sirt1 and Sirt3 genes in liver, muscle, and adipose tissue of both calves and bulls. The relative expression results were obtained using the 2 −ΔCT method after normalization with the geometric means of PPIA and β-actin. As shown in Figure 2A , when comparing expression of Sirt1 of bulls against calves, the expression of Sirt1 in liver and muscle was somewhat greater in calves than in bulls, although no statistical differences were found; in adipose tissue, it was greater in bulls than in calves, and this difference was significant (P = 0.0071). In the case of Sirt3 ( Figure  2B ), expression was greater in all 3 adult tissues when compared with those of calves. In liver and muscle, statistical differences were found (P = 0.0141 and 0.0017, respectively), whereas in adipose tissue there was no statistical difference.
Additionally, when comparing the expression of Sirt1 against that of Sirt3 (Figure 2A and 2B), it can be observed that expression of both sirtuins in adult liver samples was not statistically different; this was also the case for calf muscle and adipose tissue. In contrast, the relative expression of Sirt1 in calf liver, when normalized to the geometric mean of the housekeeping genes, was 32.52, whereas Sirt3 expression was only 5.36, a 6-fold difference; this was also the case for adult muscle, with an 11-fold difference (1.94 vs. 21.07, respectively), and adipose tissue, with a 3.8-fold difference (12.37 vs. 3.24, respectively). However, these results raise a note of caution about the differences in expression profiles because the data were not statistically analyzed.
DISCUSSION
In the past decade, sirtuins have been extensively studied to better understand their role in gene silencing, DNA repair, cell cycle regulation, calorie restriction, metabolism, and aging, as well as to clarify the catalytic mechanism by which these enzymes use NAD + in terms of their structure (Dali-Youcef et al., 2007; Shoba et al., 2009; Imai and Guarente, 2010) .
When diverse tools such as Jufo, Strap, and ClustalW were used, different alignments were obtained for the sequences analyzed; therefore, the alignment reported here is based on a combination of our results and the alignments reported for different species.
The sirtuin protein family contains a conserved core domain that is also found in the bovine sirtuin genes. This Sir2-like domain includes the sequence motifs GAG(I/V)SxxxG(I/V)PDFRS, (Y/I)TQNID, HGS, CxxC-(18-20)x-CxxC, and FGE (Sherman et al., 1999; Shan et al., 2009; Sanders et al., 2010) . According to the Conserved Domain Database (Marchler-Bauer et al., 2009 ), these sequence motifs correspond to the binding sites for the substrate, NAD + , and zinc that enable sirtuins to regulate diverse biological processes. Differences in these sequences are thought to play an important role in substrate specificity and binding, catalytic activity, and inhibition (Sanders et al., 2010) .
It has been proven that sirtuins are ubiquitously expressed in different tissues in humans (Frye, 1999; Onyango et al., 2002) , mice (Shi et al., 2005; Chen et al., 2008) , rats (Cohen et al., 2004) , and pigs (Jin et al., 2009; Shan et al., 2009 ). Because expression of bovine sirtuins has not been studied at all, we sought to determine the expression of Sirt1 and Sirt3 by real-time PCR, as representative of sirtuins highly relevant in the control of metabolism, and as representative of nuclear and mitochondrial sirtuins, respectively. We analyzed their expression in the main tissues involved in bovine metabolism (liver, muscle, and adipose tissue) as well as at 2 distinct stages of development (calves and bulls, or, in other words, preruminant and ruminant). Bovine Sirt1 is highly expressed in the liver, followed by adipose tissue and, to a lesser extent, in muscle. It is known that Sirt1 promotes the expression of gluconeogenic genes in the liver , fatty acid oxidation in muscle (Gerhart-Hines et al., 2007), and fat mobilization in adipose tissue (Picard et al., 2004) ; therefore, Sirt1 may be regulating glucose production in the liver from glycerol coming from adipose tissue because of the effect of Sirt1 on fat, whereas in muscle it is regulating oxidative metabolism. Bovine Sirt3 is expressed in muscle, liver, and adipose tissue, in decreasing amounts. Sirtuin 3 is known to regulate mitochondrial function (Hirschey et al., 2010) and maintain basal ATP concentrations (Ahn et al., 2008) in liver, muscle, and adipose tissue, but in the latter, its expression is known to be reduced (Shi et al., 2005) .
Compared with what has been reported for other species (Frye, 1999; Cohen et al., 2004; Shi et al., 2005; Chen et al., 2008; Shan et al., 2009) , expression profiles of Sirt1 and Sirt3 in bovines are quite different, mainly because in other species both sirtuins are more highly expressed in liver than in muscle and adipose tissue. These results can be explained by the primary metabolic differences between nonruminant and ruminant species; ruminants maintain their blood glucose concentrations in the fed state mainly through active gluconeogenesis (Martin et al., 1973) , whereas in nonruminant species, gluconeogenesis is activated only during energy deficit (Nafikov and Beitz, 2007) . In gluconeogenesis, glucose is obtained from noncarbohydrate precursors such as VFA, glycerol, and AA. In ruminants, the main sources for gluconeogenesis are propionate, which comes from the rumen, and glycerol, which comes from the adipose tissue, whereas in nonruminant animals, AA and lactate provided by the muscle are the main substrates (Shimada, 2003) . In the case of ruminants, the question is whether the gluconeogenesis taking place promotes the expression of sirtuins or the reverse, whether the expression of sirtuins favors gluconeogenesis.
In addition to the differences that are related to tissue type, expression of sirtuins changes with age (Alcendor et al., 2007; Ferrara et al., 2008; Shan et al., 2009) . In this study, we found an overall distinctive profile of developmental regulation of the expression of bovine Sirt3, which was consistently greater in adult than in calf tissues. In contrast, developmental changes in the expression of bovine Sirt1 were tissuespecific: less in adult muscle compared with calf muscle but greater in adult adipose tissue than in calf adipose tissue. The developmental changes observed in the liver were less marked, but a somewhat greater expression in calf liver was observed. According to Howarth et al. (1968) , a functional rumen implies a decreased glucose oxidation capacity in the liver and muscle, a greater gluconeogenic capacity in the liver, a decreased glycogenic capacity in muscle, and a greater activity of fat synthesis-related enzymes in adipose tissue. From this, differences in expression of Sirt1 and Sirt3 in adults and calves can be explained. The calves used for this study consumed milk only twice or three times before euthanasia, undergoing a moderate fasting period. As a result, Sirt1 was probably promoting fatty acid oxidation and mitochondrial respiration in the liver and muscle, whereas the small amount of adipose tissue in calves could explain its decreased expression in adipose, which could actually be its basal expression. Sirtuin3, on the other hand, was probably supporting Sirt1 in the regulation of energy homeostasis in the liver and muscle, with the profile we found in adipose tissue being the basal expression of this sirtuin. However, even when there were metabolic differences between bulls and calves, there was also the possibility that these results were due to breed effects more than to age-related effects, especially because proteomic mapping studies have demonstrated differential expression of proteins from cattle breeds selected for dairy and beef purposes (Miarelli and Signorelli, 2010) .
In conclusion, this is the first study concerning bovine sirtuins, and we established a tissue-specific, developmentally regulated profile of expression for Sirt1 and Sirt3. Considering the key regulatory role of sirtuins in metabolism reported in other species, and in light of the present findings, further analysis of the expression, function, and role of sirtuin in the regulation of highly differential bovine metabolism is warranted in the near future.
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